Abstract We determine upper mantle seismic velocity heterogeneities below Southern California from the inversion of teleseismic travel-time residuals. Teleseismic P-wave arrival times are obtained from three temporary passive experiments and Southern California Seismic Network (SCSN) stations, producing good raypath coverage. The inversion is performed using a damped least-squares conjugate gradient method (LSQR). The inversion model element spacing is 20 km. Before the inversion, the effects of crustal velocity heterogeneities represented by the Southern California Earthquake Center (SCEC) seismic velocity model version 2 are removed from the teleseismic travel times. The P-wave inversion produces a variance reduction of 43%. S-wave velocities are determined from laboratory Vp/Vs ratios. The most prominent features imaged in the results are high P-wave velocities ‫)%3ם(‬ in the uppermost mantle beneath the northern Los Angeles basin, and the previously reported tabular high-velocity anomaly ‫)%3ם(‬ to depths of 200 km beneath the Transverse Ranges, crosscutting the San Andreas fault. We incorporate the upper mantle seismic velocity heterogeneities into the SCEC Southern California reference seismic velocity model. The prior accounting for the crustal velocity heterogeneity demonstrates the utility of the top-down method of the SCEC seismic velocity model development.
Introduction
Teleseismic travel-time inversions for P-wave velocity variations in the Southern California lithosphere have been computed with the goal of obtaining tomographic images. The images, in turn, provide geometric constraints to the dynamics of plate boundary deformation (e.g., Humpreys and Clayton, 1990; Kohler, 1999; Houseman et al., 2000) . Recently, the use of teleseismic data has become more prevalent in the computation of wave-field modeling for seismic hazard purposes. For example, teleseismic amplitudes have been used to identify the ground-motion effects of previously unrecognized extremely low-velocity sedimentary layers in the uppermost crust (Kohler et al., 1998) . Teleseisms recorded on Southern California seismometers are being used to study basin resonance and the effects of velocity gradients between tectonic regions (Prindle and Tanimoto, 2000) . Short-period (10-30 sec) regional and teleseismic surface waves are being used to compute the centroid moment tensors of large Southern California earthquakes (Marcinkovich and Tanimoto, 2000) . These three examples demonstrate the usefulness of including uppermost mantle velocities in a community velocity model whose main purpose is use in studies related to seismic hazard analysis. Teleseismic body waves and surface waves sample the velocity structure of the crust and upper mantle. Thus, modeling requires accurate mantle lithospheric velocity structure for wavelengths on the order of 10 km. Here, we perform an inversion of teleseismic P-wave travel times on an unusually dense data set for upper mantle velocity structure, and describe how the results are included in the SCEC Southern California reference three-dimensional seismic velocity model.
Data
The inversion data are from several sources: the permanent short-period Southern California Seismic Network (SCSN) and several recent dense temporary seismic networks of several months duration (Fig. 1) . The temporary arrays were: (1) the 1993 Los Angeles Region Seismic Experiment (LARSE I) passive phase, (2) the 1997 Los Angeles Basin Passive Seismic Experiment (LABPSE), and (3) the 1998-1999 Los Angeles Region Seismic Experiment II (LARSE II) passive phase (Fig. 1) . Experimental details for these temporary arrays can be found in Kohler et al. (1996 Kohler et al. ( , 2000 and Kohler and Kerr (2002) . The temporary experiment station density (2-4 km) was unprecedented in Southern California and has shed light on seismic structures in the lithosphere (Kohler, 1999; Fuis et al., 2003) that could not previously be modeled because of much larger average station spacing (Ն30 km before 1993) resulting in spatial aliasing.
Arrival times recorded on the temporary arrays yield 3479 direct P-wave travel-time residuals from 132 events. The dense array teleseismic residuals were combined with 10,416 P-wave travel-time residuals obtained from SCSN stations. The SCSN data consist of hand-picked teleseismic P-wave travel-time residuals compiled for several western United States tomography studies (Raikes, 1980; Humphreys et al., 1984; Humphreys and Clayton, 1990; Humphreys and Dueker, 1994) . The temporary stations were distributed along transects (Fig. 1 ) whose locations were designed to focus primarily on localized regions within the Los Angeles basin, and the central and western Transverse Ranges. Travel-time residuals at several SCSN stations located within 10 km of the temporary arrays were used to calibrate the temporary array residual data. The data for each event were adjusted by a constant time shift to make them consistent with the larger number of more evenly distributed regional SCSN residuals. Events within similar backazimuth ranges were chosen for the adjustment.
Inversion Method
The travel-time residual inversions for velocity variations were computed using block parameterization covering most of Southern California (Fig. 1) . The absolute teleseismic travel-time residual for the ith event and jth station is 
anisotropy Moho mantle and the predicted travel time T predicted is computed using the iasp91 Earth model (Kennett and Engdahl, 1991 California stations. Therefore, when we demean the travel times for an individual event to compute the relative residuals, the contributions from those terms can be neglected. The relative residual is then
where n j is the number of stations that recorded a particular event. This has the effect of removing laterally invariant velocity changes from the inversion. We did not include anisotropy in our velocity model. Rays are back-projected from each station through initially flat-layered Earth structure and travel times are expressed as the path integral of a function of velocity and distance traveled through each depth interval in the parameter space. The travel time for the ith ray is
Using Fermat's Principle to obtain the travel time with respect to the starting model V 0 ,
The travel-time residual is then
where velocity perturbation dV ‫ס‬ V ‫מ‬ V 0 and distance trav-
. Velocity perturbation is translated into abds
solute velocity by adding the inversion result for dV p to the starting V p value for each layer. The final product of the inversion result for the model is velocity in kilometers per second.
One of the main differences between this uppermost mantle velocity model and earlier models is that this model uses previously determined crustal velocities and Moho depth variations from the SCEC reference seismic velocity model version 2 (Magistrale et al., 2000) to remove the effects of crustal heterogeneity on the teleseismic travel times. Before inversion, each teleseismic ray is ray-traced through the three-dimensional crustal model to a depth of 45 km, deeper than the maximum Moho depth, to ensure that the entire crust is included in the crustal correction. Rays are traced through the crust in 0.1-km-depth intervals. At each depth, the crustal velocity is computed from version 2, and the travel-time perturbation for that interval is calculated relative to a starting model (Table 1) and removed from the travel-time residual. Because the crustal corrections are calculated with respect to a starting model, no perturbation is removed for all depths below the spatially dependent Moho, because there the model reverts to constant regional velocity values (i.e., the starting model). The choice of starting model and crustal corrections affects the top 20-50 km of the uppermost mantle. Thus, confidence in the uppermost mantle velocities should be governed by confidence in the independently determined crustal velocity heterogeneity and Moho depth variations. All arrivals were corrected for topography using a P-wave velocity of 5.5 km/sec.
The model space is parameterized as a three-dimensional grid with rows parallel to lines of constant latitude. Table 2 showing raypath coverage within each inversion layer. Raypath coverage is dense within most of the inversion volume but sparse in the corners and near the edges where there are no stations. Corresponding velocity perturbation structures are shown in Figure 7 . that the travel-time residuals were not overfit. This is an underdetermined problem and some of the boxes in the grid space were not sampled by any rays.
Our teleseismic data do not allow determination of Swave travel times for various reasons. In many cases the seismometers were only vertical-component instruments. When there are three components, the signal-to-noise ratio is usually too low to determine teleseismic S-wave travel times independently. We use experimentally determined values for Vp/Vs as a function of temperature (Anderson and Isaak, 1995) to obtain Vs assuming a thermal gradient of 15ЊC/km (Artemieva and Mooney, 2001 ). We do not consider the effect of potential compositional variations on Vp/Vs.
Resolution Tests
Raypath coverage is not uniform and we expect better resolution where the raypaths are denser. In anticipation of resolution tests, we computed the geographical locations for the segments of all raypaths that lie between the inversion grid depth intervals. The resulting raypath segments are shown in Figure 2 and they distinguish regions where raypath coverage is uniform and dense from where it is sparse. Despite increased ray concentration from the LARSE data, the images do not appear to be biased by it. Damping applied in the inversions is counteracting the addition of those rays. The uppermost mantle velocity variations described in the next section should be viewed in light of the raypath coverage and the following resolution tests. nonvertical ray projection. This parameterization represents a reasonable choice based on the resolution and root-meansquare (rms) travel-time fit trade-off. Raypath coverage within the boxes is best near the temporary arrays, but remains relatively uniform at most depths and distances from the array. Final tomographic images are obtained by linearly interpolating between the centers of each box. The onedimensional model used in our inversions, shown in Table  2 , is based on the iasp91 model (Kennett and Engdahl, 1991) modified for Southern California by using the model of Hadley and Kanamori (1977) .
Inversion solutions were obtained by the damped leastsquares LSQR conjugate gradient method for sparse matrices (Paige and Saunders, 1982a,b) . The travel-time residuals for each ray are expressed as a function of velocities through each grid element multiplied by unknown velocity perturbations and summed along the raypath; the velocity in each grid element is assumed constant. The linear equations are Ax ‫ס‬ b where the elements of matrix A are the coefficients arising from the summed velocity functions, the elements of x are the unknown velocity perturbations for which we solve, and elements of b are the travel-time residuals. After five iterations, the change in final rms travel-time fit values was insignificant. The largest decrease in rms values took place after the first iteration. Final rms values were ϳ0.16 sec, slightly larger than a typical measurement error, corresponding to a variance reduction of 43%. Damping was chosen that represented a balanced trade-off between smoothness of model and fit to the data. We wanted the images to be smooth enough to evaluate large structures but also so low the Pacific Ocean or in the Mojave Desert cannot be made at the checkerboard test pattern length scale. Maximum recovered velocity amplitude is up to 75% relative to the initial earth structure for depths less than 150 km. It decreases to 20% for depths approaching the bottom of the inversion volume.
The second set of resolution inversions was performed to test how anomalies at depth were recovered in various regions within the model. The input anomaly locations were chosen to test areas with good and poor ray coverage, and areas with tectonic features of interest. The synthetic input models consisted of vertical, single-block anomalies at points within the inversion volume. Each block is 80 ‫ן‬ 80 km in dimension and extends from 10 to 270 km in depth. The input structure was assigned ‫%4ם‬ at all depths. Figure  4 shows the input and inversion output structure for the first block-resolution test. The block location features a region with good raypath coverage and covers the western extent of the Transverse Ranges high-velocity mantle anomaly. The resolution inversion result shows good recovery for depths less than 150 km, but diminishing amplitudes below that because of diminishing raypath density. Horizontal smearing is not a problem because of the relatively even raypath distribution. The second test location (Fig. 5 ) was chosen to analyze structures in the Peninsular Ranges region where raypath coverage is reasonably good. The result, as before, indicates that horizontal resolution at this wavelength is good, but that amplitudes are diminished with depth. The third test area was chosen for its sparser raypath coverage To assess the resolution of our images at different wavelengths, we performed several resolution tests using different synthetic Earth structures. The inversions use the same inversion parameters (e.g., number of data and earthquakes, raypath coverage, damping, number of iterations, etc.) as the real-data inversions and illustrate where velocity anomaly amplitudes may be diminished or geometries distorted. For the first test, initial checkerboard Earth structure was defined with amplitudes assigned so that input structure varied between ‫%4מ‬ and ‫%4ם‬ at all depths. The horizontal dimensions of the boxes are 40 ‫ן‬ 40 km. Rays were projected through the synthetic Earth models and the resulting synthetic travel-time residuals were inverted for Earth structure. Initial patterns and results are shown in Figure 3 for depths of 40, 70, 110, 150, 190 , and 230 km. Recovered synthetic Earth structure has a pattern similar to the input pattern for most of the inversion volume. Recovery remains strong where raypath coverage is good but grows poorer for deeper layers, and for regions in the northeast and southeast corners of the inversion volume. Not much horizontal smearing occurs, but amplitudes are reduced with increasing depth.
The most pronounced reduction in pattern and amplitude recovery takes place in the corners of the mapped region where there is the least raypath coverage because of a lack of stations. In these regions, the checkerboard pattern on a length scale of 40 km is not recovered and amplitudes are near zero. Resolution in the offshore region is aided by measurements taken on island stations, but in general, interpretations about the three-dimensional extent of structures be- (Table 2) although the choice of velocities in the starting model does not significantly affect the solution. Velocities are mapped at the midpoint of each depth interval and are linearly interpolated for different depths. Velocities have been mapped both as perturbations (Fig. 7) and as absolute velocities (Fig.  8) . Each set of images illustrates different aspects of the model. Perturbations illustrate variations among structural features and are useful for investigating the spatial extent and geometry of heterogeneities. Absolute velocities are better suited for applications that require tracking and removing the effects of the mantle velocity field on teleseisms or surface waves.
The tomographic images show that heterogeneity is closely associated with tectonic features, in particular, the Transverse Ranges and the San Andreas fault. The figures illustrate that the high-velocity anomaly is mainly an eastwest feature as reported previously (Humphreys and Clayton, 1990) , not parallel everywhere to the San Andreas fault. The anomaly extends well into the Mojave Desert, and its location and width (60-80 km) coincide with the zone of convergence that is causing uplift of the Transverse Ranges. There appears to be a slight counterclockwise rotation of the anomaly with depth from an east-west orientation at 50 km depth to east-northeast-west-southwest at up to 190 km (Fig. 6) . The result shows amplitudes diminishing more rapidly with depth compared with the other resolution tests, even in the uppermost layers, because raypath coverage is not as good as elsewhere in the inversion volume. The addition of the dense temporary array data has improved resolution in the vicinity of the array stations.
The major features imaged in the current study are larger than the checkerboard elements (Fig. 3) , so recovery of the resolution test patterns represents a worst-case test of our imaging ability. In general, pattern and amplitude recovery from the resolution tests indicate that resolution at horizontal length scales of 40-80 km is good for depths between 40 and 80 km (Figs. 3-6) , with amplitudes decreasing rapidly in some cases (e.g., Figs. 4b and 6b) . Horizontal smearing grows more prominent as pattern recovery diminishes for a particular wavelength and amplitude (e.g., parallel and perpendicular to the LARSE arrays in Fig. 3b ). The Transverse Ranges region exhibits the greatest degree of anomaly recovery of all regions (Fig. 3b) providing bounds on our interpretation of the depth extent of the high-velocity anomaly. For example, the resolution test shown in Figure  4 indicates that anomalies obtained from inversions for real Earth structure below the western Transverse Ranges are probably exhibiting at least 75% of true anomaly for depths to 150 km. At depths around 190 km, the horizontal extent of the anomaly is still relatively well determined, but less than 50% of the amplitude is being recovered. At depths greater than 230 km, neither the location nor the anomaly amplitude can be determined with any certainty. wave velocity of Յ7.8 km/sec (Hadley and Kanamori, 1977; Hearn and Clayton, 1986 ; Richards-Dinger and Shearer, 1997) could be evidence for the effect of San Andreas fault strike-slip shear weakening of the Southern California mantle lithosphere.
Our observations that the upper mantle anomaly below the eastern Transverse Ranges extends to greater depths where the crust is thicker (Magistrale et al., 2000) than the western end may be evidence for a higher convergence rate or longer period of convergence in the eastern Transverse Ranges as suggested by fission-track data (Blythe et al., 2000) . There is also high spatial correlation between the depth of the intact mantle downwelling and topography. In the central Transverse Ranges close to the LARSE I array, the downwelling extends to at least 200 km and the topography reaches over 2.3 km. In the western Transverse Ranges close to the LARSE II array where the mantle downwelling only extends to about 150 km depth, the maximum topography is 1.2 km. Elevations in the eastern Transverse Ranges are up to 3 km, where the mantle anomaly exhibits the largest amplitude and greatest depth extent (Fig. 7) .
SCEC Version 3 Model
The upper mantle seismic velocity heterogeneities determined herein are mated to the SCEC version 2 crustal seismic velocity model (Magistrale et al., 2000) to produce the version 3 model. The version 2 model was developed in a top-down fashion, starting with shallow layers in Los Angeles area sedimentary basins, detailed shallow basin velocdepth. The western end breaks up at about 150 km depth and the eastern end by 200 km depth implying lithospheric thickening of 50% and 100%, respectively, assuming an initial thickness of ϳ100 km (Humphreys and Hager, 1990) . In both cases, the high velocities become more dispersed with increasing depth.
Our tomographic results suggest that the cold, presumably dense mantle downwelling directly underlies thickened crust, contrary to previous studies. Below the central Transverse Ranges, the anomaly extends up to the base of a 10-km-thick crustal root centered on the San Andreas fault (Kohler, 1999) without spreading laterally below the crust on each side of the San Gabriel Mountains (Fig. 7) . This observation has led to the suggestion that the lower crust and uppermost mantle are mechanically coupled in a gravitationally unstable thickening process (Houseman et al., 2000) .
Below the western Transverse Ranges, high velocities also underlie thickened crust documented in Magistrale et al. (2000) but are centered south of the San Andreas fault (Fig. 9) . Whether the San Andreas shear-strain field contributes to the location and geometry of the dense mantle downwelling remains to be determined. The San Andreas fault strike-slip deformation field is almost perpendicular to the convergent region, and the strike-slip component of plate motion (30-35 mm/yr) is 1.5-2.3 times larger than the total convergence rate (15-20 mm/yr) (Jackson and Molnar, 1990; Feigl et al., 1993; Snay et al., 1996) . A relatively low effective viscosity estimate of Յ10 21 Pa/ sec (Houseman et al., 2000) and a low regional average P- Table 2 ). The uppermost mantle velocities in the Southern California reference seismic velocity model version 3 (described by this article) were obtained by adding the perturbations shown here to the starting model. ities from geotechnical logs, three-dimensional crustal velocities outside of the sedimentary basins, a crude Salton trough model, and a laterally varying Moho. The top-down approach allows us to account for the influence of shallow elements on travel times as each deeper element is added, producing a self-consistent model. Here, we corrected the more densely recorded teleseismic travel times for the crustal contribution (as modeled by version 2), producing a sharper image of the upper mantle variations.
Version 3 of the reference three-dimensional seismic velocity model for Southern California is available as a FOR-TRAN source code and can be found on the SCEC Data Center website at http://www.scecdc.scec.org. The user queries the code for velocities at a set of longitude-latitude-depth points; the output is Vp, Vs, and density at those points. The model produces upper mantle Vp and Vs values at a point of interest by interpolation of the velocities of the eight inversion grid elements surrounding the point. The Vp values are directly from the inversion results (e.g., Fig. 8 ). The Vs values are calculated from laboratory Vp/Vs determinations (described in a previous section) and assigned to the appropriate inversion grid elements. Densities are derived from Vp as described in Magistrale et al. (2000) . Points in the uppermost mantle outside the inversion volume are assigned velocities from the one-dimensional starting model (Table 2) .
With the inclusion of the upper mantle velocity heterogeneities, the version 3 model achieves a multiscale resolution appropriate for a variety of tectonic modeling applications. In particular, seismic heterogeneity is a valuable physical constraint when determining what rheological conditions can enable crustal thickening and the development of a dense mantle lithospheric root (e.g., Houseman et al., 2000) . The goal of version 3, as a reference model, is to present an uppermost mantle seismic velocity model that is consistent with a large travel-time data set but that can be further tested and refined by additional independent data sets. Ultimately the final model will be the best representation of a number of independent data sets that has been refined by subsequent testing and updating.
Conclusions
Teleseismic P-wave travel-time residuals are inverted for uppermost mantle velocity heterogeneities below Southern California. The resulting upper mantle structure is added to previously determined crustal structure to form the SCEC Southern California reference three-dimensional seismic velocity model version 3. Inversion data included arrival times calculated from three temporary passive seismic experiments and SCSN stations. New interpretations of spatial variations in the crust-mantle relationship are made possible by the multiscale model. High-velocity upper mantle underlies thickened crust of the eastern and western Transverse Ranges suggesting coupled crust-mantle lithospheric thickening and downwelling. The Transverse Ranges uppermost mantle anomaly gradually becomes more east-northeast- west-southwest with depth. The western end of the anomaly breaks up at ϳ150 km depth, the eastern end by ϳ200 km depth implying lithospheric thickening of 50% and 100%, respectively. High velocities also underlie the Peninsular Ranges and the southern San Joaquin Valley. The San Andreas fault lies at the center of crustal thickening and convergence in the eastern Transverse Ranges, but lies at the northern edge of thickening and convergence in the western Transverse Ranges. Version 3 of the reference three-dimensional seismic velocity model for Southern California is available as a FORTRAN source code and can be found on the SCEC Data Center website.
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